Nguyen N, Judd LM, Kalantzis A, Whittle B, Giraud AS, van Driel IR. Random mutagenesis of the mouse genome: a strategy for discovering gene function and the molecular basis of disease. Am J Physiol Gastrointest Liver Physiol 300: G1-G11, 2011. First published October 14, 2010 doi:10.1152/ajpgi.00343.2010.-Mutagenesis of mice with N-ethyl-N-nitrosourea (ENU) is a phenotype-driven approach to unravel gene function and discover new biological pathways. Phenotype-driven approaches have the advantage of making no assumptions about the function of genes and their products and have been successfully applied to the discovery of novel gene-phenotype relationships in many physiological systems. ENU mutagenesis of mice is used in many large-scale and more focused projects to generate and identify novel mouse models for the study of gene functions and human disease. This review examines the strategies and tools used in ENU mutagenesis screens to efficiently generate and identify functional mutations.
PHENOTYPE-DRIVEN AND GENE-DRIVEN mutagenic approaches are important tools for studying the normal and abnormal function of genes (47) . Gene-driven or "reverse genetic" approaches involve mutating a gene of interest to see whether it causes an abnormal phenotype. This approach is direct but requires, and may be limited by, prior knowledge or assumptions of the function of the gene. Here we review a phenotype-driven or "forward genetic" approach. Phenotype-driven approaches involve identifying organisms with an abnormal phenotype, followed by identifying the mutant gene. This approach is useful for identifying novel, difficult-to-predict functions of genes but is time consuming, because identifying the mutant gene may not be straightforward.
Early phenotype-driven approaches were used to study gene function by firstly characterizing variant phenotypes in natural or induced mutants in lower organisms, such as Caenorhabditis elegans and Drosophila melanogaster, followed by identifying the underlying gene and its mutation (9, 23, 49) . The function of many human genes has been inferred from these forward genetic studies but, because of their genetic diversity and evolutionary distance, these lower organisms are not the model of choice for the study of human gene function and disease. Mice, on the other hand, have a similar number of genes and share similar physiological systems to humans, making them a more useful model organism. With the completion of the mouse genome project and the availability of various tools for manipulating the mouse genome, mice have become the primary model for the study of human diseases.
One of the first tools available for genetic manipulation in the mouse was the use of N-ethyl-N-nitrosourea (ENU) to induce random mutations throughout the genome (57) . These random mutations allowed large-scale phenotype-driven screens to be used as part of a forward genetic approach to generate and identify novel mouse models for the study of gene functions (5, 17, 42, 52) . Since then, gene targeting technologies and the ability to manipulate mouse embryonic stem (ES) cells have also allowed a genotype-driven or reverse genetic approach for the study of gene function through the generation of transgenic and knockout mice. In this review we examine the strategies and tools used by ENU mutagenesis screens and how improvements in the technology of both forward and reverse genetics have allowed an integrated approach.
ENU Mutagenesis
ENU is a powerful synthetic alkylating compound that acts by transferring its ethyl group to any nucleophilic nitrogen or oxygen sites of nucleic acids. The transferred ethyl groups form DNA adducts that can cause mispairing and, if not repaired, result in mutations in spermatogonial stem cells during DNA replication. The vast majority of induced mutations are single base-pair substitutions in the form of A-T to T-A transversions (44%) or A-T to G-C transitions (38%) (48, 65) . Most ENU-induced point mutations result in missense (64%) mutations followed by splicing (26%) and nonsense (10%) mutations. Missense mutations have the potential to generate a series of alleles where the gene product has no biological activity (null), reduced activity (hypomorphic), or increased activity (hypermorphic). Although the site of ENU action is seemingly random, analysis of recently published data on the spectrum of ENU-induced mutations has shown that there is a bias toward genes with higher G ϩ C content or bases flanked by G or C (6) . This bias may be a limiting factor since it causes a particular class of amino acid change more efficiently than others. Thus the effect of amino acid class changes relying on G-C to C-G transversions or G-C to T-A transitions will be underrepresented (2) .
The mutation frequency of ENU was first estimated by using a specific locus test for recessive alleles of easily detectable phenotypes such as eye and coat color (57) . These early studies estimated a mutation frequency of one mutation per gene in every 175 to 655 gametes. More recent sequence-based studies on ENU-induced mutations have revealed frequencies of one mutation every 1 to 2.7 Mb, depending on the strain of mouse used and the concentration of ENU administered. Optimized treatment regimens used in these studies consisted of three weekly intraperitoneal injections of 80 -100 mg/kg (5, 15, 24) . The haploid size of the mouse genome is estimated to be ϳ2.6 Gb; hence even at the conservative mutation rate of one every 2.7 Mb, each gamete of an ENU-treated male (G0) would carry ϳ1,000 mutations (5). Of these mutations, it is estimated that ϳ20 would potentially give rise to functional mutations since only ϳ1-3% of the mouse genome is coding or regulatory regions.
Apart from being a mutagen, ENU is also toxic and carcinogenic at the concentrations used in the optimized treatment regimens. Treated mice are sterile for ϳ10 wk and, depending on the strain used, not all mice survive the treatment or regain fertility (28) . Recent region-specific ENU screens have also suggested that a mutation in ϳ14 -19% of genes causes sterility or results in embryonic lethal mutants (32, 72) . A comparison of mouse strains used in various ENU screens has shown that, in general, outbred or hybrid mice are more tolerant of ENU than inbred strains (28) . However, the use of outbred or hybrid strains adds to the complexity of genotyping the resulting mutant phenotype owing to their mixed genetic background. Additionally, interstrain specific polymorphisms can potentially mask or alter the effect of the mutation (5). To avoid these complications, inbred strains are the preferred choice in genomewide ENU mutagenesis screens.
Advantages of Genomewide Screens Using ENU Mutagenesis
Using ENU mutagenesis to identify genes involved in biological processes and diseases has a number of advantages over other techniques. ENU-induced mutagenesis does not rely on prior knowledge or assumptions about the genes involved, so the likelihood of generating novel information is high (52) . ENU mutagenesis screens are designed so that mutations in many genes can be analyzed in each mouse, resulting in an efficient screening strategy. By comparison, conventional insertional gene knockout requires considerable knowledge of a particular gene and the analysis of only one gene or closely linked group of genes at a time. The development of insertional mutagenesis techniques using gene traps and/or transposons has allowed random insertional mutagenesis screens to be implemented (1, 35, 51) . Gene traps and transposons randomly insert a fragment of DNA, which can encode reporter genes or conditional elements to help identify the site of insertion and control gene expression, into the mouse genome. DNA fragments inserted in coding or regulatory regions result in functional mutants. However, unlike ENU mutagenesis, almost all mutations induced by insertional mutagenesis result in null alleles. ENU-induced alleles are similar to those that arise naturally. By inducing changes in amino acid residues in individual protein domains or splice products, the alleles produced by ENU mutagenesis reveal separate gene functions that are not apparent from the production of null alleles by insertional mutagenesis.
Genomewide Screening Strategies
Before embarking on a screen of ENU-induced variants it is important to have robust screening strategies in place. Largescale genomewide projects typically rely on a series of noninvasive standardized tests to identify phenotypes that are variant from wild-type mice to maximize recovery. One of the first standardized screening protocols used was SHIRPA (Smith Kline Beecham, Harwell, MRC Mouse Genome Centre, Imperial College, Royal London Hospital, Phenotype Assessment), which described up to 40 tests to identify behavioral and neurological phenotypic mutants (56) . Recent standardized protocols such as EMPReSS (European Mouse Phenotyping Resource for Standardized Screens) have a wider variety of protocols, including blood tests to identify disorders of other physiological systems such as hormonal, metabolic, and immunological systems (10) . EMPReSS also uses imaging techniques such as magnetic resonance imaging and dual-energy X-ray to examine cardiovascular and respiratory function as well as body composition. Standardized protocols for necropsy and histopathology have also been developed to detect and reference tissue abnormalities in mice (10, 64) . See Table 1 for examples of current large-scale ENU mutagenesis projects.
As the males treated with ENU (G0 males, see Fig. 1A ) regain their fertility they are mated to wild-type females to produce the first-generation (G1) pedigrees. These G1 mice are heterozygous for ENU-induced mutations carried by the gametes of the G0 male. ENU mutagenesis phenotype-driven screens for functional mutations can be broadly classed into two categories: screens for dominant mutations and screens for recessive mutations.
Screens for dominant functional mutations are relatively quick since G1 mice will exhibit a variant phenotype if they carry a dominant mutation. Heritability of this mutation is assessed by mating the affected G1 mouse or its siblings to a wild-type mouse. Assuming the phenotype segregates as a Mendelian trait, ϳ50% of the resultant progeny (G2) should exhibit the abnormal phenotype.
A number of phenotypes and genes have been identified by screens for dominantly acting genes. As part of the Munich ENU project, a clinical chemical blood screen for dominant mutants identified a hyperglycemic pedigree (68) . The ENUinduced mutation causing the phenotype was a missense mutation, a T to G transversion, causing an amino acid change from methionine to arginine at position 210 in the glucokinase (GCK) enzyme. Similar to conventional GCK-knockout mice, mice homozygous for GCK M210R die a few days after birth, whereas heterozygous mice were shown to have a 50% reduction in GCK enzyme activity. Since GCK activity is required for glycolysis the heterozygous mice are hyperglycemic by 10 days of age and eventually develop diabetes similar to the human disorder, maturity-onset diabetes of the young type 2 (MODY2). The MRC Harwell Mutagenesis Project also described an ENU-induced missense amino acid change in GCK from isoleucine to phenylalanine at position 366 (67) . GCK I366F heterozygous mice have decreased GCK activity but unlike GCK
M210R
, homozygous mice were viable and not perinatally lethal. A third large-scale project, the RIKEN ENU Mutagenesis Project, identified two nonsense mutations, six missense mutations, and three splicing mutations of the GCK gene (27) . Subsequent analysis revealed that the missense mutations had different effects on mRNA and protein expression as well as enzyme activity. Together, the different point mutations identified by the three screens provide an allelic series for the GCK gene, including null alleles and hypomorphic alleles, to better study its role in a complex disorder such as MODY2.
Although screening for dominant mutations in G1 mice is relatively fast, published data from large-scale dominant screens revealed that only ϳ2% of functional mutations are dominant (26, 46) . Therefore breeding strategies have been described to recover recessive mutations in the third generation (G3). These strategies involve mating G1 mice not exhibiting an abnormal phenotype to wild-type mice. The resultant G2 mice are then either backcrossed to their G1 parent or intercrossed with a G2 sibling to generate G3 mice, a proportion of which should be homozygous for multiple mutations (Fig. 1A) . The former strategy has a greater probability of recovering recessive mutations, whereas the latter strategy has a lower probability of generating mice that are homozygous for more than one recessive mutation, which may confound any abnormal phenotype observed (29) . Heritability of the recessive mutation can be tested by mating affected G3 mice to wild-type mice; littermates from the resultant progeny (G4) are subsequently intercrossed. If the recessive mutation is inherited in a Mendelian pattern, ϳ25% of the G5 progeny should exhibit the abnormal phenotype (Fig. 1B) . However, if the screen requires necroscopy or histopathology to identify the phenotype of interest, multiple pairs of G3 siblings of the affected mice are intercrossed to test heritability. If at least one pair produces affected G4 progeny at Mendelian ratios, the mutation is considered to be heritable.
Screens for recessive mutations have uncovered many interesting phenotypes, genes, and pathways. The RIKEN ENU mutagenesis project has recently generated a mouse model of infantile neuroaxonal dystrophy from a recessive screen (70) . The point mutation was identified as a G to A transition causing an amino acid change from glycine to arginine at position 373 of the phospholipase A 2 enzyme (iPLA 2 ␤) encoded by the Pla2G6 gene. The mutation abolishes the enzymes activity leading to disruption of cell membrane homeostasis, which results in axonal degeneration. The PLA2G6 G373R mutant mice displayed severe motor dysfunction by 10 wk of age, unlike conventional PLA2G6-knockout mice, which did not display a significant neurodegenerative phenotype until after 1 yr of age (40, 60) . A significant reduction in bone mass and strength after 6 mo of age was also described in PLA2G6- The Jackson Laboratory knockout mice (53) . A similar phenotype was also seen in PLA2G6 G373R mutant mice, only it was observed much earlier. Although the PLA2G6 G373R mutation was in a gene already associated with neurodegeneration, the early onset of the phenotypes provides an improved mouse model for further studies in these disorders and an insight into the sequence-function relationship of the gene. In contrast, a recent recessive mutation identified by the ENU mutagenesis project at the Genomics Institute of the Novartis Research Foundation was in a gene that was previously not associated with diabetes (38) . The mutation was identified as a point mutation with a corresponding amino acid change from tyrosine to histidine at position 344 of the Sec61␣1 protein. Sec61␣1
T344H mutant mice exhibited diabetes and hepatosteatosis caused by an increase in apoptosis of pancreatic ␤-cells. Increased apoptosis was thought to be due to the Sec61␣1 T344H mutant protein disrupting endoplasmic reticulum (ER) function and protein processing, resulting in ER stress and apoptosis.
Screens to identify genes that affect the immune system have been particularly successful in identifying genes not previously associated with immune function or immune-mediated diseases. These screens also allowed a deeper understanding of the function of genes that were already known to have immunological function (17, 25) . An excellent example of the former is the uncovering of the function of the Roquin gene (37, 69, 76) . Mutations in roquin were found to be causal in a strain of mice with severe autoimmune disease. The function of roquin was previously unknown and subsequent work has shown that and mated to a wild-type female. The G0 male will carry ϳ1,000 ENU-induced mutations. The genotype for a particular ENU-mutated gene is shown with "WT" denoting a wild-type allele and "M" denoting a mutant allele that influences function. G1 progeny carrying a dominant functional mutation will exhibit a variant phenotype. G1 progeny not exhibiting a variant phenotype may carry recessive mutations and are crossed to a wild-type mouse. A G2 mouse is backcrossed to its G1 parent to generate G3 progeny. If ϳ25% of G3 mice exhibit a common variant phenotype, they are homozygous for a recessive functional mutation. B: heritability of the variant phenotype is tested by crossing an affected G3 mouse to a wild-type mouse. G4 siblings are then intercrossed to generate G5 progeny. The variant phenotype is heritable if ϳ25% of G5 mice exhibit the phenotype.
roquin acts to limit expression of a stimulatory protein on lymphocytes, inducible T cell costimulator, by modulating the rate of mRNA degradation. This work illuminated a novel immunoregulatory pathway.
Although large-scale screens have the potential to recover high numbers of functional mutations, they are quite laborious and time consuming, requiring large animal houses and high numbers of trained personnel. To reduce costs and increase feasibility many small-scale ENU mutagenesis projects have focused on screening phenotypes for specific physiological systems. Examples include muscular phenotypes (43) , hair loss (33), hearing and vestibulary function (21), cardiovascular disease (19) , T cell development (30) , and anemia (34) .
From Phenotype to Gene
Once inheritance of an abnormal phenotype has been established the strategy currently used to identify the causative gene is gene mapping to narrow the region containing the mutation to a manageable size, followed by DNA sequencing. Two important features of the ENU approach facilitate this process. Firstly, ENU variants are typically induced in the fully sequenced C57BL/6 genome, so causality can be established readily, even for genes of previously unknown function. Secondly, sequencing need only be limited to exons and the 50-bp flanking sequence, which contains the splice donor and acceptor sequences, since virtually all ENU-induced functional variants so far discovered are in these sequence elements.
To generate mice for mapping, the affected mice are outcrossed to wild-type mice of a different inbred strain. The progeny are then backcrossed or intercrossed. Since the region containing the mutated gene is inherited along with other polymorphisms, the outcrossing allows the strain-specific polymorphisms close to the mutation to be followed and identified by linkage analysis. With the availability of large databases of strain-specific single-nucleotide polymorphisms (SNPs), linkage analysis using these SNPs can, initially, assign the mutation to a chromosomal region of ϳ20 -60 Mb (73) . During linkage analysis the search for candidate genes in the mapped region can be performed using genome browsers such as those hosted by Ensembl (http://www.ensembl.org/index.html) and RIKEN (http://omicspace.riken.jp/db/genome.html). RIKEN have also developed a data mining tool called Positional Medline (PosMed) that suggests and ranks candidate genes in the mapped region based on database searches using phenotypic keywords (75) . Exons and flanking regions from candidate genes in the region can then be sequenced to identify the mutation. A mouse model for human retinal degeneration was recently identified with PosMed (59). The mutation causing the phenotype was mapped to the proximal region of chromosome 19. Although there were more than 400 genes in the mapped region, the PosMed system sorted and presented three candidate genes that could play a role in retinal degeneration: Rom1, Stx3, and Best1. Exons from the three genes were subsequently sequenced and a single missense mutation at position 1195 of the Rom1 gene was identified. If no mutations are found or there are no obvious candidate genes, further rounds of backcrossing and intercrossing are required to reduce the region to ϳ1 Mb. This, of course, does not rule out the possibility that there are other phenotype-causing mutations in the mapped region.
Although the use of SNPs has accelerated the process of fine mapping and allowed a narrower region to be defined, the breeding required for this analysis is still the most time consuming process in identifying the ENU-induced mutation. This will, at some point in the not too distant future, be greatly reduced by the use of rapid and inexpensive next-generation sequencing technologies. Indeed, an ENU-induced mutation causing heterotaxy identified by next-generation sequencing has already been published (77) . This mutation was identified as a missense mutation in the Megf8 gene, when a 2.2-Mb region of chromosome 7 was completely sequenced by using the massively parallel sequencing technique. As the technologies become more widely available, a dramatic increase in the number of novel mouse models for human diseases identified by genomewide ENU mutagenesis screens could be expected.
Site-Specific Screens
Linkage analysis to determine genetic causes for human disorders have only been moderately successful due to the genetic heterogeneity of humans. Although genetic loci can be identified and correlated with the development of a disease, the feasibility and usefulness of evaluating the role of each gene in the region by gene-driven or reverse genetic approaches can be limited since gene-targeting technologies usually produce null alleles. To better understand the role of these genetic loci in disease development, site-or region-specific ENU mutagenesis screens have been developed to maximize the discovery and generation of allelic series for candidate genes. Two main strategies have been used to generate DNA libraries for these site-specific screens, the cryopreservation of sperm or tissue from G1 progeny of ENU-treated mice (5, 42, 52, 58) or ES cells treated with ENU (13, 45) . Mutations in the gene or region of interest from these libraries are rapidly detected by a number of techniques, including temperature gradient capillary electrophoresis, denaturing high-performance liquid chromatography, and direct sequencing. Once detected, the mutation can be recovered by in vitro fertilization or the generation of chimeric mice, to characterize any potential phenotype. A recent mouse model generated for the study of arterial tortuosity syndrome (ATS) was identified from a site-specific screen (14) . Human ATS is caused by mutations in the glucose transporter 10 (GLUT10) encoded by the Slc2A10 gene. To generate a relevant GLUT10 mutant mouse model, exon 2 of the Slc2A10 gene was sequenced from sperm and DNA archives of G1 progeny from an ENU-treated male. Seven different missense mutations were identified from the screen, three of which were predicted to interfere with protein structure. Of the three mutations that were of interest only two, G128E and S150F, were successfully recovered by in vitro fertilization. Subsequent analysis of the two mutant mouse lines revealed a vascular phenotype characterized by thickening and irregular shape of blood vessels. Although the phenotypes were not as severe as those found in humans with ATS, the GLUT10 G128E and GLUT10 S150F mutant mice are still useful as mouse models for ATS.
A further application of site-specific screens is to quickly identify recessive mutations in genes of interest. The International Knockout Mouse Consortium (IKMC) was recently formed to systematically generate ES cell lines that have each gene of the mouse genome knocked out (16) . At the time of writing, the IKMC has generated ϳ14,000 mutant ES cell lines. By crossing knockout mice from these archives with mice generated from site-specific ENU mutagenesis screens, functional recessive mutations in the gene of interest on any chromosome, including sex-linked chromosomes, can be detected in the first generation. This breeding strategy is also useful for generating functional mutants for genes that are lethal when knocked out (42) .
Modifier and Sensitized Screens
One factor that can limit the success of linkage analysis in humans is that many disorders are caused by a combination of environmental factors and genes. The same limitation affects the generation of mouse models for these disorders by genedriven screens. Although genomewide ENU mutagenesis screens are capable of generating models for these multifactorial disorders, it is almost impossible to show heritability of the disorder if multiple genes are involved. To increase the efficiency of generating mouse models for multifactorial disorders, many recent screens use both phenotype-driven and gene-driven approaches (11, 18, 20, 54, 74) . Unlike standard ENU mutagenesis screens, these modifier or sensitized screens use mice that have also been modified by genetic, environmental, or pharmacological manipulations to develop or predispose to develop a disorder of interest (29) . Modifier screens search for ENU-induced mutations that suppress or enhance the development of the disorder. Mice used in this type of screen are usually genetically modified, such as knockout or transgenic mice, which are known to develop a disorder of interest. These mice can be treated directly with ENU or crossed to an ENU-treated wild-type mouse to identify mutations that modulate the development of the disorder (see Fig. 2 ). The latter strategy is used when transgenic mice or mice heterozygous for a knockout gene display the disorder of interest (55, 61) . An example of a modifier screen is the use of conventional Mpl-knockout mice to identify genes that suppress thrombocytopenia (11, 31) . Mpl is the receptor for thrombopoietin required for the normal production of platelets. Mice lacking either thrombopoietin or its receptor exhibit thrombocytopenia. Since Mpl-knockout mice were on a C57BL/6 background, they were treated directly with ENU before mating to an untreated isogenic C57BL/6 mouse. Mutations that suppressed Fig. 2 . Breeding strategy for modifier screens in mice with an existing gene mutation. In modifier screens, mice that exhibit a disorder of interest are used to find ENU-induced mutations that suppress or enhance the development of the disorder. Two different strategies for modifier screens are shown. A: in this approach, homozygous knockout mice displaying a disorder of interest (blue-colored mice) are screened. A G0 knockout male treated with ENU is mated to an untreated knockout female. G1 progeny showing altered development or severity of the disorder carry a dominant functional mutation that modifies the phenotype (blue and pink striped mouse). G1 progeny not exhibiting any alterations in the disorder may carry recessive ENU-induced mutations and are mated to an untreated knockout mouse. G2 progeny are then backcrossed to the G1 parent carrying ENU-induced mutations. If ϳ25% of G3 mice exhibit altered development or severity of the disorder, they are homozygous for a recessively acting mutation that modifies the disorder (blue and orange striped mouse). B: in this approach, mice displaying the disorder of interest are heterozygous for a gene-targeted allele (orange-colored mice). A G0 wild-type male is treated with ENU and mated to a heterozygous female exhibiting a disorder of interest. G1 progeny showing altered development or severity of the disorder carry a dominant modifier (orange and green striped mouse). Heterozygous G1 progeny not exhibiting any alterations in the disorder may carry recessive ENU-induced mutations and are mated to a wild-type mouse. Heterozygous G2 progeny are backcrossed to the G1 parent carrying ENU-induced mutations. If ϳ25% of G3 mice exhibit altered development or severity of the disorder, they are homozygous for a recessive modifier (orange and white striped mouse). Note that some mice in the G3 generation may be homozygous for the predisposing mutation and are not shown here. thrombocytopenia were identified by screening the G1 progeny for normal levels of platelets. Mutations in two genes have been identified that suppress thrombocytopenia in two separate modifiers screens. The first was in the Plt4 gene (11) followed by the Plt6 gene (31) . Plt4 encodes the c-Myb transcription factor whereas Plt6 encodes c-Myb's coregulator, p300. Together, these mouse models have identified a novel role for c-Myb/p300 in suppressing TPO-independent platelet production.
Unlike mice used in modifier screens, sensitized mice do not normally develop the phenotype of interest; they are rather predisposed to developing the phenotype with additional stimulus. Examples of this include ENU mutagenesis projects searching for mouse models of inflammatory bowel disease (IBD) by using subpathological concentrations of dextran sodium sulfate (DSS) to predispose mice to developing IBD-like phenotypes (see Fig. 3 ). Sensitized mice may also exhibit an abnormal condition that predisposes them to develop a phenotype of interest. Thus modifier screens and sensitizer screens can overlap. One such screen also uses Mpl-knockout mice; however, the phenotype of interest was not the lack of platelets but rather the lack of red blood cells (54) . Since Mpl-knockout mice are thrombocytopenic, they are also predisposed to develop anemia. A pedigree exhibiting a significant decrease in red blood cells was shown to have a mutation in the Ank-1 gene, which is required for normal erythropoiesis. The mutation was identified as a point mutation in a splicing acceptor site of the gene causing incorrect splicing and a premature stop codon. This mutation was the first null allele for ankyrin-1 in the mouse. Other examples of sensitized screens include the use of mice heterozygous for the insulin receptor knockout mutation (20) or the spontaneous leptin mutation (18) in the search for new models of diabetes. These data show that the use of sensitized mice in ENU mutagenesis screens provides a more efficient strategy for identifying regulatory or susceptibility genes for particular complex human disorders.
ENU Mutagenesis in IBD Research
Chronic IBD, which includes Crohn's disease and ulcerative colitis, is a common condition that afflicts people of all ages in most Western populations (39) . Although the condition is rarely fatal in itself, it is responsible for considerable morbidity and predisposes individuals to an increased incidence of colorectal cancer. It is widely held to result from interactions between environmental factors and genes that lead to a chronic dysregulated response to nonpathogenic intestinal microflora. To further understand the basis for IBD and to produce new mouse models of disease, screens of ENU variants are underway and a number of gene variants that predispose to IBD have already been discovered.
Mutations in the gene encoding the major acidic mucin of the lower gastrointestinal tract Muc2, which encodes mucin 2, have been identified in ENU mouse strains with an ulcerative colitis-like disease, namely Eeyore, Winnie (22) , and Kenny (see Fig. 4A ; unpublished observations). Subsequent analysis of Eeyore and Winnie showed that the mutations disrupted mucin 2 production leading to an accumulation of misfolded protein in goblet cells. The accumulated protein triggers the cells ER stress response, which ultimately leads to goblet cell death. Additionally, the Woodrat mouse strain was generated in a DSS sensitizer screen (8) . The Woodrat mutation is in the membrane-bound transcription factor peptidase site 1 (S1P) gene (Mbtps1). S1P has been shown to be required for the unfolded protein response (UPR) during ER stress. Thus, without this UPR, ER stress can result in cell death and increased mucosal permeability, which leads to the development of colitis. These findings demonstrate that compromising the mucosal barrier either by a lack of mucin production or abnormal cell death predisposes to colitis.
ENU mutagenesis has revealed that intestinal inflammation can also arise as a result of immune system deficiencies. The Sphinx mouse, identified from a flow cytometric screen for immunological phenotypes, has an ENU-induced mutation causing an amino acid change from glycine to cysteine at position 38 of the GTPase of immunity-associated protein 5 (Gimap5), which is required for T and B cell survival (7). The mutation was effectively a null allele since no detectable Gimap5 protein was detected in Sphinx mice leading to disrupted lymphocyte homeostasis and thus lymphopenia. A second pedigree, Mr Hankey (named after the "South Park" character), was identified when mice presented with persistent diarrhea and weight loss in an ENU screen searching for IBD phenotypes. Subsequent histological analysis revealed that Mr Hankey also presented with transmural colonic inflammation (see Fig. 4B ; unpublished observations), a phenotype very Fig. 3 . A breeding strategy for a dextran sodium sulfate (DSS) sensitizer screen. The DSS sensitizer screen shown here uses lethal histopathological analysis to assess inflammatory bowel disease (IBD)-like phenotypes, so the screening strategy involves treating G3 progeny to assess whether their parents are carriers of functional ENU-induced mutations causing IBD-like phenotypes. G2 progeny are backcrossed to their G1 parent to generate G3 progeny, which are treated with 1% DSS. If ϳ25% of a G3 litter develop an IBD-like phenotype their parents are heterozygous for a recessive functional mutation. If more than 50% of a G3 litter develop an IBD-like phenotype then one or both parents carry a dominant functional mutation. similar to that of human ulcerative colitis, and is also immunodeficient. Gene mapping followed by sequencing of candidate genes in the region of genetic linkage revealed the presence of a mutation in Prkdc, a gene required for the development of lymphocytes and associated with immunodeficiency in mice and humans. The Mr Hankey Prkdc gene had a nonsense mutation at amino acid 545 of what is normally a protein of 4,128 residues. Thus the mutation is likely a null allele, which accounts for the observed lymphopenia. Immunocompromised animals such as Sphinx and Mr Hankey are prone to developing IBD, but usually only in the presence of some other extenuating factor such as infection, an imbalance in lymphocyte populations, or challenge with chemical sensitizers such as DSS. This is likely to be the case in these mouse lines as well since inflammation in Sphinx was ameliorated by antibiotic treatment and the onset of colitis in Mr Hankey was highly variable, suggesting the requirement for a stochastic factor.
These data validate ENU mutagenesis as an approach that can lead to the generation of mice with IBD-like phenotypes and that the underlying causal mutations can be discovered.
ENU Mutagenesis in Inflammation-Associated Cancer Research
The discovery of novel models for IBD will also benefit research onto inflammation-associated cancer as chronic inflammation has also been strongly associated with the development of cancer (see Ref. 71 for a comprehensive review). Numerous epidemiological and histological studies have shown that carcinogenesis is preceded and maintained by many conditions that display chronic inflammation, including IBD. The consequences of chronic inflammation, persistent tissue destruction with increased cellular proliferation in the presence of proinflammatory cytokines and prostaglandins, provide a microenvironment that increases the risk of malignant transformations leading to tumor formation. Although strongly associated, the molecular basis for the causal role of chronic inflammation in carcinogenesis has yet to be clarified (71) . Thus ENU screens for IBD phenotypes could also potentially provide novel mouse models for inflammation-associated cancers of the lower gastrointestinal tract. A mouse model, Min (multiple intestinal neoplasia), of the inherited human disease familial adenomatous polyposis (FAP), was discovered as part of an ENU screen for mutations causing increased tumor formation (44) . Subsequent linkage analysis and sequencing revealed that the mutation was in the murine homolog (mApc) of a human tumor suppressor gene, adenomatous polyposis coli (APC) (63) . An autosomal dominant mutation of the APC gene has been shown to cause FAP in humans, which can develop into colorectal cancer. The Min mouse has been extensively used to dissect the molecular pathways, and their modifiers, for the development of colorectal cancer (41) . Numerous mutations in the APC gene have been subsequently generated, by site-directed mutagenesis, in an attempt to improve the model, since current models do not present with consistent metastasis as seen in humans. A possible direction for discovering a novel model of colorectal cancer with metastasis could be an ENU modifier screen using Min mice.
Conclusion
The diversity of functional mutations generated by ENU mutagenesis has provided numerous mouse models for the study of human disorders as well as the function and role of genes in different physiological systems. The variety of strategies and tools developed to combine phenotype-driven and gene-driven approaches has increased the efficiency in which useful mutations have been recovered. Together, the screens will eventually provide an allelic series for the study of every gene. As ENU-induced alleles are similar to those that arise naturally, the likelihood of generating novel mouse models for human disorders is high. These models will be invaluable tools as therapeutic targets and drug development.
